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In the present investigation the photolysis of riboﬂavin (RF) in the presence of citrate species at pH
4.0–7.0 has been studied. A speciﬁc multicomponent spectrophotometric method has been used to
assay RF in the presence of photoproducts during the reactions. The overall ﬁrst-order rate constants
(kobs) for the photolysis of RF range from 0.42 to 1.0810–2 min1 in the region. The values of kobs have
been found to decrease with an increase in citrate concentration indicating an inhibitory effect of these
species on the rate of reaction. The second-order rate constants for the interaction of RF with total
citrate species causing inhibition range from 1.79 to 5.6510–3 M1 min1 at pH 4.0–7.0. The log k–
pH proﬁles for the reactions at 0.2–1.0 M citrate concentration show a gradual decrease in kobs and the
value at 1.0 M is more than half compared to that of k0, i.e., in the absence of buffer, at pH 5.0. Divalent
citrate ions cause a decrease in RF ﬂuorescence due to the quenching of the excited singlet state
resulting in a decrease in the rate of reaction and consequently leading to the stabilization of RF
solutions. The greater quenching of ﬂuorescence at pH 4.0 compared to that of 7.0 is in accordance with
the greater concentration of divalent citrate ions (99.6%) at that pH. The trivalent citrate ions exert a
greater inhibitory effect on the rate of RF photolysis compared to that of the divalent citrate ions
probably as a result of excited triplet state quenching. The values of second-order rate constants for the
interaction of divalent and trivalent citrate ions are 0.4410–2 and 1.0610–3 M–1 min–1, respectively,
indicating that the trivalent ions exert a greater stabilizing effect, compared to the divalent ions, on RF
solutions.
& 2011 Elsevier B.V. All rights reserved.1. Introduction
Buffers are frequently used in the formulation of drug sub-
stances to maintain the pH constant and may inﬂuence the
stability of these substances [15,32,37,18,26]. Citrate buffer is a
common ingredient of pharmaceutical preparations with a pH in
the acid range and citrate species (monovalent, divalent and
trivalent) have been reported to catalyze the degradation of a
number of drugs including thiamine [36], ampicillin [25], cocaine
[29], carbenicillin [38], promethazine HCl [28], cefadroxil [34],
mitomycin C [35], N-6-[(dimethylamino) methylene] mitomycin
C [16], ciclosidomine [14], and interlaken 1 beta [20]. Citrate
buffer also exerts a stabilizing effect on penicillins in aqueous
solution [31]. Several studies have been conducted on the photo-
degradation of riboﬂavin in the presence of phosphate and borate
buffers [4–6,9,30].ll rights reserved.
x: þ92 21 34410439.
Sheraz).The present work is based on a study of the photolysis of
riboﬂavin solutions in the presence of citrate buffer using a speciﬁc
multicomponent spectrophotometric method for the determina-
tion of riboﬂavin (RF) and photoproducts [1,11]. The chemical
structures of these compounds have previously been reported [7].
It involves the evaluation of the inhibitory effect of individual
citrate species on the photolysis of riboﬂavin in aqueous solution.
The kinetics of photolysis reactions and the role of citrate species in
the stabilization process have been investigated.2. Materials and methods
Riboﬂavin, lumiﬂavin and lumichrome were obtained from
Sigma Chemical Co. Formylmethylﬂavin and carboxymethylﬂavin
were synthesized by the methods of Fall and Petering [17] and
Fukumachi and Sakurai [19], respectively. All solvents and reagents
were of analytical grade from BDH/Merck. The following buffers
were used throughout: (a) spectrophotometric assay, KCl–HCl
(0.2 M), pH 2.0; CH3COONa–CH3COOH (0.2 M), pH 4.5; (b) photo-
lysis reactions, citrate buffer (Sorensen), Na3C6H5O7.2H2O–HCl, pH
Table 1
Photolysis of 510–5 M RF solution in the presence of 0.2 M citrate at pH 7.0.
Concentrations of RF and photoproducts.
I. Ahmad et al. / Results in Pharma Sciences 1 (2011) 11–15122.0–5.0; Na3C6H5O7.2H2O–NaOH, pH 6.0–7.0 (0.2–1.0 M). The ionic
strength of the solutions was kept constant.
2.1. Photolysis
A 510–5 M aqueous solution of RF was prepared at the
desired pH using citrate buffer (0.2–1.0 M) and placed in a
100 ml volumetric ﬂask (Pyrex). The ﬂask was irradiated with a
Phillips HPLN 125 W high pressure mercury vapor ﬂuorescent
lamp (emission at 405 and 435 nm, the long wavelength corre-
sponding to the absorption maximum, 445 nm, of RF) [4–6], ﬁxed
horizontally at a distance of 30 cm from the center of the ﬂask.
The temperature of the solution was maintained at 2571 1C by
immersing the ﬂask in a constant temperature water bath. The
solution was continuously bubbled with a gentle stream of air.
Samples of irradiated solutions were examined for degradation
using thin-layer chromatography and RF and photoproducts were
assayed spectrophotometrically at appropriate intervals.
2.2. Thin-layer chromatography (TLC)
The photoproducts formed during the degradation of RF at pH
4.0–7.0 in the presence of citrate buffer were detected by TLC on
cellulose plates (Whatman CC 40) using (a) 1-butanol–acetic acid–
water (40:10:50, v/v, organic phase) and (b) 1-butanol–1-propa-
nol–acetic acid–water (50:30:2:18, v/v) as solvent systems [8].
2.3. Spectrophotometric determinations
All spectral determinations on RF and its photodegraded
solutions were carried out on a Shimadzu UV-1601 recording
spectrophotometer using silica cells of 10 mm path length.
2.4. Fluorescence measurements
Fluorescence measurements of RF solutions were carried out at
room temperature (25 1C) using a Spectramax 5 ﬂuorimeter
(Molecular Devices, USA) in the end point mode using lex¼374 nm
and lem¼520 nm [33]. The ﬂuorescence was recorded in relative
ﬂuorescence unit using a pure 0.05 mM RF solution as standard.
2.5. Assay of RF and photoproducts
RF and photoproducts in degraded solutions were assayed
using a speciﬁc multicomponent spectrophotometric method
previously developed by Ahmad and Rapson [1]. The method is
based on preadjustment of photolysed solutions to pH 2.0 (HCl–
KCl buffer), chloroform extraction to remove the photoproducts,
LC and LF, and their determination, after chloroform evaporation,
at pH 4.5 (acetate buffer) by a two-component assay at 445 and
356 nm. The aqueous phase was assayed for RF and FMF by a two-
component assay at 445 and 385 nm.
2.6. Light intensity measurement
The intensity of the radiation source (125W Phillips HPLN lamp)
was determined by the method of Hatchard and Parker [21] using
potassium ferrioxalate actinometry as 1.1570.101017 quanta s–1.Time
(min)
RF
(M105)
FMF
(M105)
LF
(M105)
LC
(M105)
Total
(M105)
0 5.00 0.00 0.00 0.00 5.00
20 4.20 0.18 0.04 0.62 5.04
40 3.40 0.36 0.06 1.15 4.97
60 2.75 0.65 0.07 1.59 5.06
90 1.99 0.93 0.09 1.95 4.96
120 1.36 1.19 0.11 2.29 4.953. Results and discussion
3.1. RF photoproducts
It is important to ascertain the nature of RF photoproducts under
the reaction conditions employed before the assay procedure couldbe applied to determine these compounds in degraded solutions.
The photoproducts formed during the degradation of RF at pH
4.0–7.0 in the presence of citrate buffer were detected by TLC and
identiﬁed as formylmethylﬂavin (FMF), carboxymethylﬂavin (CMF),
lumichrome (LC) and lumiﬂavin (LF) by their characteristic ﬂuores-
cence under UV excitation (RF, FMF, CMF, LF, yellow green; LC, sky
blue) and comparison of Rf values with those of the authentic
compounds. FMF, LC (major) and CMF (minor) are produced
throughout the pH range whereas LF is produced only at pH 7.0 as
observed in a previous study [10]. The formation of these products
has been found to decrease with an increase in buffer concentration
indicating the inhibitory role of citrate buffer on the photolysis
reaction.
3.2. Spectra of photolysed solutions
The absorption spectra of the aqueous phase (pH 2.0) of
photolysed solutions of RF show a gradual decrease in absorption
at 445 nm with a concomitant increase at around 385 nm indicat-
ing the loss of RF. This results in the formation of FMF, a major
intermediate product in the photolysis reaction [13,8]. An increase
in the absorption of chloroform extract at 356 nm is due to the
formation of LC during the reaction. The spectra of photolysed
solutions show smaller changes with an increase in buffer con-
centration compared to those observed in the absence of buffer.
3.3. Determination of RF and photoproducts
The assay of RF and photoproducts (FMF, LC, LF) was carried out
by a multicomponent spectrophotometric method [1] during the
degradation reactions. A typical set of results for the assay of RF,
FMF and LC in a RF solution photolysed at pH 7.0 is given in Table 1.
The uniformly decreasing values of RF and the resulting increase in
the values of photoproducts with time and a constant molar balance
indicate good reproducibility of the assay method. CMF is a minor
product at pH 7.0 and has negligible effect on the assay of these
compounds. This method has previously been used for the study of
RF photolysis [1,10,11]. It is speciﬁc for the compounds analyzed for
and is convenient to perform kinetic studies.
3.4. Kinetics of photolysis of RF
The photolysis of RF at pH 4.0–6.0 and 7.0 in the presence of
citrate buffer leads to the formation of FMF and LC and FMF, LC
and LF, respectively. There is a gradual decrease in the concentra-
tion of RF, with time, followed by an increase in the concentra-
tions of the photoproducts, FMF, LC and LF. RF is photolysed in
aqueous solution by ﬁrst-order kinetics involving FMF as an
intermediate product in this reaction [13,24,10,9]. The formation
of LF in the reaction takes place at pH 7.0 only and its concentra-
tion does not exceed 3% of the total mixture. Therefore, the
photolysis of RF may be described by the following consecutive
Table 3
First-order rate constants (k0) for the photolysis of riboﬂavin
in the absence of citrate and second-order rate constants for
the photolysis of riboﬂavin (k0) in the presence of citrate.
pH k0102
(min–1)
k0 103
(M–1 min–1)
Correlation
coefﬁcient
4.0 0.997 5.655 0.999
5.0 0.948 5.360 0.999
6.0 0.972 3.845 0.997
6.5 1.024 2.735 0.998
7.0 1.125 1.795 0.997
pH 7.0
1.0
1.2
–
1
I. Ahmad et al. / Results in Pharma Sciences 1 (2011) 11–15 13ﬁrst-order reactions:
RF-
k1
FMF-
k2
LC ð1Þ
The differential equations for the reactant and products are
d½RF
dt
¼ k1 RF½  ð2Þ
d½FMF
dt
¼ k2 RF½ k2 FMF½  ð3Þ
and
d½LC
dt
¼ k2 FMF½  ð4Þ
The differential Eqs. (2)–(4) could be solved to obtain the
values of k1 and k2 according to the methods of Sinko [32] and
Laidler [27]. The values of overall ﬁrst-order rate constants (kobs)
for the photolysis of RF at pH 4.0–7.0 in the presence of citrate
buffer are reported in Table 2. All these values appear to decrease
with an increase in buffer concentration indicating that the buffer
is inhibiting the degradation of RF in the pH range studied. The
rate constants are relative and depend on the sample irradiation
conditions. These conditions were kept constant to avoid any
variation in the values.
3.5. pH effect
The study of the effect of pH on the rate of a chemical reaction
has important implications for the stability proﬁle of a drug
substance [26,15,32]. It may provide information on the pharma-
ceutically useful pH range to achieve the stabilization of the drug.
The graphs of log kobs versus pH for the photolysis of RF in the
presence of 0.2–1.0 M citrate concentration are shown in Fig. 1.Table 2
First-order rate constants (kobs) for the photolysis of riboﬂavin in the presence of
citrate (0.2–1.0 M) at pH 4.0–7.0.
pH kobs102 min–1
0.2a 0.4a 0.6a 0.8a 1.0a
4.0 0.882 (0.996) 0.777 (0.997) 0.654 (0.996) 0.540 (0.997) 0.435 (0.999)
5.0 0.843 (0.999) 0.736 (0.999) 0.625 (0.996) 0.510 (0.996) 0.420 (0.997)
6.0 0.902 (0.999) 0.810 (0.997) 0.740 (0.998) 0.659 (0.996) 0.593 (0.996)
6.5 0.973 (0.998) 0.909 (0.998) 0.858 (0.998) 0.806 (0.997) 0.751 (0.996)
7.0 1.085 (0.997) 1.048 (0.997) 1.016 (0.996) 0.985 (0.996) 0.943 (0.996)
The values in parenthesis are correlation coefﬁcients.
a Citrate concentrations (M).
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Fig. 1. log kobs–pH proﬁles for the photolysis of riboﬂavin in citrate buffer
(0.2–1.0 M).It is evident that an increase in citrate concentration leads to a
decrease in the rate of reaction. Thus at pH 5.0, the value of kobs at
1.0 M citrate concentration (Table 2) is more than half compared
to the value of k0, obtained in the absence of buffer (Table 3). The
relationships between kobs and citrate ion concentration (Fig. 2)
indicate a gradual decrease in rate in the pH range of 4.0–7.0. The
second-order rate constants (k0) for the interaction of RF with
citrate ions derived from the linear curves are reported in Table 3.
The k0–pH proﬁle (Fig. 3) shows a greater stabilizing effect of
trivalent citrate ions (80% at pH 7.0) compared to those of the
divalent citrate ions as discussed in Sections 3.6 and 3.7. A similar
behavior of borate ions on the stabilization of RF solutions has
been reported [9].pH 4.0
pH 5.0
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Fig. 2. Graphs of kobs versus citrate concentration for the photolysis of riboﬂavin at
pH 4.0–7.0.
0.0
1.0
2.0
3.0
4.0
5.0
6.0
3.0 4.0 5.0 6.0 7.0 8.0
pH
k'
 ×
 1
03
, 
M
–
1 m
in
–
1
Fig. 3. k0–pH proﬁle for the photolysis of riboﬂavin in citrate buffer.
Table 4
Fluorescence intensity of 510–5 M riboﬂavin solutions at
pH 4.0–7.0 in the presence of citrate.a
pH Citrate
concentration (M)
Relative ﬂuorescence
intensity at 530 nm
7.0 0.005 (control) 100.0
4.0 1.00 60.2
5.0 1.00 63.5
6.0 1.00 68.0
6.5 1.00 73.1
7.0 1.00 80.4
a Measurements have been made at ambient tempera-
ture under aerobic conditions.
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The catalytic/inhibitory effect of buffer species on the degra-
dation kinetics of drug substances is well known [27,15,32,37,18].
Citrate species have been found to inﬂuence the degradation of a
number of drugs (see Section 1, Introduction) and their effect on
the apparent ﬁrst-order rate constants (kobs) for the photolysis of
RF in the pH range 4.0–7.0 may be described as
kobs ¼ k0þk01½Hþ þk02½OH2þk03½HC6H5O27 þk04½C6H5O37  ð5Þ
where k0 is the ﬁrst-order rate constant at zero buffer concentra-
tion. k01 and k
0
2 are the second-order rate constants for H
þ and
OH– ion catalyzed/inhibited reactions, respectively, and k03 and k
0
4
are the second-order rate constants for the divalent citrate and
trivalent citrate ion catalyzed/inhibited reactions, respectively.
The rate constants k01 and k
0
2 are constant at a ﬁx pH and may
be neglected. Therefore, Eq. (5) may be written as
kobs ¼ kþk03½HC6H5O27 þk04½C6H5O37  ð6Þ
where
k¼ k0þk01½Hþ þk02½OH2
or
kobs ¼ k0þk0CB ð7Þ
where k0 is the overall rate constant for the photolysis of RF in the
presence of citrate ions and CB is the total concentration of citrate
species. The two rate constants, k03 and k
0
4, may be obtained by
rearrangement of Eq. (6) into a linear form according to the
treatment for the phosphate species [18]:
k0 ¼ ðkobsk0Þ
CB
¼ k
0
3½HC6H5O27 
CB
þk04
CB½HC6H5O27 
CB
 !
ð8Þ
A graph of k0 versus the fraction of divalent citrate concentration
in the buffer, [HC6H5O7
2–]/CB, would give an intercept at [HC6H5O7
2–]/
CB¼0 equal to the rate constant k04. The k0 values at [HC6H5O72–]/
CB¼1 is the rate constant k03 (Fig. 4). The values of k03 and k04 for the
divalent and trivalent citrate ion affected photolysis reactions are
0.4410–2 and 1.0610–2 M–1 min–1, respectively. These values
represent the inhibitory rate constants for the photolysis of RF by
the two citrate ions. The value of k04 indicates that trivalent citrate
ions exert a greater inhibitory effect on the rate of photolysis
compared to that (k03) of the divalent citrate ions.0.0
0.5
1.0
1.5
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Fig. 4. Graph of kobs for photolysis of riboﬂavin versus divalent citrate ion
concentration.3.7. Fluorescence quenching of RF solutions
The ﬂuorescence of RF is quenched by divalent ions such as
phosphate, sulfate, tartarate, succinate and malonate [4,10,5–7,12].
This may result from complex formation of RF–divalent ions in the
ground state [30]. The effect of citrate species on ﬂuorescence
quenching of RF solutions at pH 4.0–7.0 is reported in Table 4. The
values indicate that ﬂuorescence quenching of RF decreases from
39.2–19.6% at pH 4.0–7.0. This is in accordance with the decrease in
the concentration of divalent citrate ion concentration from 99.6% to
20.0% in this pH range. It suggests that these ions are involved in the
quenching of RF excited singlet state [1RFn], thereby inhibiting the
reaction and thus the stabilization of RF solutions. This is evident
from the decrease in the rate of photolysis of RF with an increase in
the citrate ion concentration at all pH values (Table 2). The
ﬂuorescence quenching and its effect on kinetic results show that
the divalent citrate ions deactivate the RF excited species and in this
manner stabilize RF solutions. The effect of trivalent citrate ions on
the rate of photolysis is discussed in the next section.
3.8. Mode of inhibition of RF photolysis
The catalytic effect of phosphate and inhibitory effect of borate
buffers on the photolysis of RF have been studied and the kinetics of
these reactions has been evaluated [4–6,9]. Citric acid (pKa 4.78, 6.40)
forms divalent and trivalent species in the pH range of 4.0–7.0. The
divalent species have been found to inhibit the rate of reaction in the
pH range of 4.0–7.0 as observed by ﬂuorescence loss and a linear
relationship between the rate constants (kobs) and the buffer concen-
tration (0.2–1.0 M). However, the role of trivalent citrate ions in the
reaction remains to be determined. It has been shown (Section 3.6)
that the trivalent citrate ions have a greater inhibitory effect on the
rate of photolysis compared to that of the divalent citrate ions. The
concentration of trivalent citrate ions in total citrate buffer increases
with pH (0% pH 4.0, 80% pH 7.0) and its greater inhibitory effect may
be explained on the basis of the quenching of excited triplet state
[3RFn] by these ions. However, trivalent citrate ions may also be
involved in the quenching of excited singlet state [1RFn], as indicated
by its greater inhibitory effect on the reaction (Section 3.6). The
quenching of [3RFn] by different substrates has been reported by
Ahmad and Tollin [2]. The stabilizing effect of divalent and trivalent
citrate ions on the photolysis of RF could be considered as a
consequence of the deactivation of both [1RFn] and [3RFn] by the
two ions. Citrate buffer has been reported to stabilize penicillin
solutions [31]. The modes of RF photolysis have been discussed in
detail by various workers [22,23,3].
4. Conclusion
The stabilizing effect of citrate species on the photolysis of RF
in the pH range of 4.0–7.0 has been studied. These species cause
I. Ahmad et al. / Results in Pharma Sciences 1 (2011) 11–15 15an inhibitory effect on the rate of photolysis in this pH range. The
log k–pH proﬁles indicate a gradual decrease in rate with an
increase in citrate concentration. The value of kobs at pH 5.0 is
more than half of k0 indicating a prominent stabilizing effect of
citrate ions on the reaction. Divalent citrate ions cause a 39–20%
decrease in ﬂuorescence of RF at pH 4.0–7.0 by quenching the
excited singlet state and thus inhibiting the rate of reaction. A
higher value of the inhibitory rate constant for trivalent citrate
ions compared to that of divalent ions indicates a signiﬁcant role
of the former ions on the reaction. This is in accordance with the
increasing concentration of trivalent citrate ions with pH. The
trivalent citrate ions appear to play an inhibitory role by deacti-
vating the excited triplet state.
The present study has important implications in the stabiliza-
tion of pharmaceutical preparations. Buffers are normally used to
maintain pH of the formulations. However, the buffer compo-
nents may catalyze drug degradation. In the present case citrate
buffer components have been found to exert a stabilizing effect on
the photolysis of RF solutions. The magnitude of this effect is pH
dependent due to differences in the concentrations of divalent
and trivalent species. These species are involved in the deactiva-
tion of RF excited singlet and triplet states and thereby lead to the
stabilization of RF solutions. This study may enable the formu-
lator to achieve the stabilization of photosensitive drugs by the
use of citrate buffers.
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